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 This thesis present the studies of terahertz applications including 
measuring water content in leaf sample and guided wave components, aimed at the 
development of next-generation terahertz systems. In chapter 2, a study of the 
methods for measuring leaf water content using terahertz time domain 
spectroscopy measure continuously the water content status of the sample. A few 
different wavelengths of a near infra-red LED as 1450 nm, 875 nm, 1050 nm, and 
1200 nm also were used in this experiment to make a comparison of the method 
that fits best for measuring the water status. In chapter 3, a physical structure of a 
microstructured capillary as an optical waveguide that guides electromagnetic 
waves in the optical region as a function of the transport medium is discussed in 
term of mode profiles and attenuation. In chapter 4, perforated thin nickel films 
with periodic conical hole arrays were used to study the surface modes and the 
excitation of spoof surface plasmon polaritons is demonstrated in the terahertz 
transmission spectra of the periodic sub wavelength hole arrays. Surface modes 
can be supported by both metallic surfaces with different nonlinear dispersion 
curves which result in spectral interferences in a near field region when the surface 
modes couple out of the waveguide into free space. In this thesis; the THz 
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INTRODUCTION TO TERAHERTZ TIME-DOMAIN 
SPECTROSCOPY (THZ-TDS) 
1.1 Terahertz radiation 
Terahertz radiation also known as far infrared radiation or  T-rays has  
frequencies between the high-frequency edge of the millimetre  wave band, 
100 gigahertz (1×10
11
 Hz), and the low frequency edge of the  mid-infrared  
band, 10 THz which corresponds to wavelengths of radiation  in the  range 
from 3 mm to 30µm. It falls in between infrared radiation and microwave 
radiation  and  shares some properties with each of these for example, travels  
in a line, non-ionizing, can penetrate a wide variety of non-conducting 
materials, can pass through clothing, paper, cardboard, wood, masonry, plastic 
and ceramics, but cannot penetrate liquid water or metal [1]. Historically this 





Figure 1- 1: Terahertz band in electromagnetic spectrum [2]. 
 
Figure 1-1 illustrates the THz band in the electromagnetic spectrum, 
where THz band merges into neighbouring spectral bands such as millimetre-
wave band, which is the highest radio frequency. These bands are distinguished 
by their characteristics technologies. Microwave emitters and sensors are solid-
state or  vacuum  tube electronic applications that rely on optical and thermal 
devices [2]. The so-called "THz-gap" arises from the nature of the sources and 
detectors used in spectroscopy both at the optical (high frequency) side and 
electronic (low frequency) side of the gap and it’s because of 20-30 years ago, 
these were few technologies for the generation  and detection or  manipulation 
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of radiation in this region One THz corresponds to a photon energy of 4 meV 
(33.3     ) [3]. 
Sources of THz are commercially available, for example optically 
pumped gas lasers and backward wave oscillators, operated in continuous wave 
mode with up to tens of miliwatt output power [4]. Solid state devices such a s 
Gunn Diodes with Schottky-diode multiple chains can generate hundreds of 
GHz [5].  Quantum cascade lasers (QCL) are narrow-band emitters which 
exploit intersub-band  transitions in quantum well structures [6],  and since 
1980s the developments in ultrafast lasers, broadband, optically excited pulsed 




1.2  Terahertz time-domain spectroscopy (THz-TDS)  
 
Figure 1- 2: A positively chirped ultrashort pulse of mid-infrared in the 
time domain [2]. 
 
Historically, terahertz spectroscopy has been hindered by the low 
brightness of incoherent far infrared sources and the poor sensitivity and low 
speed of bolometric detectors. With the advent of THz-TDS, these difficulties 
are overcome in a radical way. THz-TDS is a spectroscopic technique that 
allows the time resolved measurement of light matter interaction with 
broadband and powerful THz pulses using femtosecond lasers.  The THz 
transients are single-cycle like and typically less than 1 ps in duration. Their 
spectrum spans the range from below 100 GHz to more than 3 THz. The 
brightness of the THz transients exceeds that of conventional thermal sources 
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and the coherent detection is orders of magnitude more sensitive than 
bolometric detection. 
Broadband pulses of THz radiation are coherently generated and 
detected using ultrafast laser pulses with a time resolution of a few hundred 
femtoseconds. The generation and detection are sensitive to the sample and 
effects on both the amplitude and the phase of the THz radiation. This 
technique can provide more information than Fourier transform spectroscopy 
that is only sensitive to the amplitude and gives phase information although it 
is a tricky technique [2]. Fourier transform of the time-domain signal gives 
both spectral amplitude and phase information which allows probing of the real 
and imaginary parts of the dielectric function of materials. Extremely high 
signal-noise ratios of up to 10
6
 in electric field make the technique very 
powerful despite the low source power of typically a few micro watts.The 
advances in the efficiency of THz transmitter and receivers and improved 
designs have led to the extension of Terahertz time-domain techniques to real-
time imaging.  Optically gated detection allows direct measurements of the 
THz electric field with a time resolution of a fraction of a picosecond. From 
this measurement both the real and imaginary part of the dielectric function of 
a medium may be extracted [7]. 
THz-TDS is also known as a technique of combination setup of 
broadband generation and detection. This combined set up measures the 
change in both amplitude and phase of THz pulses induced by a sample, which 
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provides enough information to simultaneously determine the absorption and 
dispersion of the sample by analysing the Fourier transforms of the waveforms. 
In THz-TDS, THz pulses are measured both with and without a sample. The 
basic experimental scheme used for generation and detection of THz pulses 
using a femtosecond laser is similar to the pump-probe technique. The optical 
beam is split into two parts, pump and probe arm, one of which is a retro 
reflector on a motorised translational stage to provide a relative time delay. The 
optical pump pulse illuminates the emitter and generates the THz pulses, which 
travel through a distance in free space before being focused on the detector. 
The detection of THz pulse is achieved in a photoconductive antenna by 
accelerating free carriers induced by the probe pulse with the THz field. THz 
pulses can generated  in THz-TDS by either transients currents in a 
photoconductive antenna or by difference frequency generation  in a nonlinear 
crystal [2].  
 
1.3 Photoconductive (PC) antenna generation 
This photoconductive antenna (PC) is the key component in the most of 
THz-TDS [8]. It exploits the increase in electrical conductivity of 
semiconductors when they are exposed to light. THz radiation can be generated 
from a biased PC antenna exited by femtosecond laser pulses. In general; a PC 
transmitter consists of two metal electrodes deposited on a semiconductor 
substrate and does not incorporate a resonant antenna. Photo carriers generated 
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in the gap are accelerated by an applied static bias field. A standard material 
for PC antenna is low-temperature grown GaAs (LTG GaAs) which has a band 
gap of 1.43 eV  [9]. In the emitter,  photo carrier are excited between  two 
metal strip electrodes that a coated on a GaAs substrate [10]. The photocarriers 
will be accelerated by an applied static bias field and produce a transient 
photocurrent. The current density is described as 
   ( )   ( )    ( ) (1.1) 
 
where    is the density of photocarriers,   is the elementary charge and   is the 
electron velocity. The photocarriers density N is a function of time, is 
determined by the laser pulse shape and the carrier lifetime, where the time 










where   ( ) is the carrier generation rate of the laser pulse and    is the carrier 
trapping time (~100 ps for semi-insulating Gallium Arsenide (SI-GaAs) and ~1 
ps for LT-GaAs).  Since the photocurrent varies in time, it generates an 




       




The THz electric field can be written as 
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where, factors contributing to the  performance of PC antenna are the substrate 
material, bias field, geometry of the active area and antenna and excitation 
laser pulse [10]. Commonly, non-resonant antennas are used but the spectral 
intensity can be modified using resonant antennas such as dipoles. 
 
1.4 Photoconductive (PC) antenna detection 
The electric field of a THz pulse is measured in a detector that is 
simultaneously illuminated with THz area gated by an ultra-short laser pulse as 
shown in Figure 1-3. Two common detection schemes are used in THz-TDS 
systems are photoconductive (PC) sampling and electro-optical-sampling. The 
PC detection system is similar to the mechanism for generation of THz. It is 
based on a micron-scale antenna with a very short carrier lifetime (sub-ps) and 
high resistance semiconductor in a gap between the antenna arms. THz pulses 
are focused on the antenna and generate a bias electric field. A photocurrent is 
induced when the photo conducting gap is simultaneously illuminated by an 
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optical gating pulse that increase the conductivity. The short carrier lifetime is 
to keep the coverage resistance of the photoconductive gap by remaining 
carriers. This is essential to keep the noise low because the noise current is 
proportional to 
√ 
⁄ . This photocurrent created by the THz electric field is 
amplified using a low-bandwidth current to voltage converter that produce a 
voltage roughly proportional to the THz electric field [11].  The detector will 
produce a different electrical signal depending on whether the detection pulse 
arrives when the electric field of the THz pulse is low or high. An optical delay 
line is used to vary the timing of the detection pulse. In order to enhance the 
signal-noise-ratio, the signal is processed by a lock-in amplifier synchronized 
with an optical intensity modulator in the pump beam at 2.5 kHz such as an 
optical chopper. 
The photocurrent induced by the THz field  ( ) can be expressed by 
the relation below: 
  ( )   ( )  ( )  ( )  ( )  ( ) (1.5) 
where   1    &   is the density of photo generated carriers created by the probe 
beam. This depends on the probe beam pulse width and the carrier lifetime in 
the photoconductive material.    &   is the frequency dependent mobility of 
photogenerated electrons.  W &   is the complex amplitude transmission 
coefficient for the GaAs-air interface.  +   &   is the ratio of the terahertz electric 
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field at the receiver to the terahertz electric field at the transmitter and depends 
on the THz optical system.  
 
 
Figure 1- 3: Schematic representation of THz pulse detection with a PC 
receiver. The laser pulse excites free carrier in the photoconducting 
gap and the incident THz electric field generates a net current [12]. 
 
Figure 1-4 shows the photolithographic process used to manufacture the 
photoconductive terahertz devices. The photoconductive transmitters and receivers 
were made using standard photolithography techniques. A chip is first spin-coated 
with resist and then soft baked to harden the resist and improve adhesion. The chip 
is exposed to ultraviolet light under a contact mask and the photoresist is 
developed followed by removing of oxide layers from the sample surface to 
improve the metal contacts and adhesive. Metallisation is performed using a 
thermal evaporator followed by lift-off. In this project, Ti/Au (15/150 nm) 
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metallisation was used. To ensure easy metal lift-off in the final step, the sample 
was inserted in chlorobenzene prior to developing.  
 
Figure 1- 4: Photolithographic process used to manufacture the PC 
THz devices. 
 
1.5 Performances of Photoconductive (PC) Detector 
THz detectors for time-domain systems were intensively studied in the 
1990s, and now GaAs grown at low temperature is the most common material 
used as a photoconductive antenna [12, 13]. The important properties are 
mobility and carrier lifetime. Long carrier lifetimes will permit the reception of 
large amounts of noise and short carrier lifetimes will reduce the mobility and 
signal level.  
15 
 
Table 1- 1:  Properties of photoconductive receivers. The 
measurements are based on averages on several devices. 




LT-GaAs 0.5 ~3000 50 k    
From the table 1-1 above, it shows that Low-temperature grown GaAs 
(LTG-GaAs) is a semiconductor material with high carrier mobility and a fast 
carrier capture time. The THz mobility is around 3000 and impedance 
minimum for gated device resistance average is 1µ . This makes LT-GaAs 
materials attractive for applications such as ultrafast switches and THz 
antennas, application for which it is desirable to have the highest possible 
mobility [14]. Since the hole mobility in LT-GaAs is one order of magnitude 
lower than the electron mobility, carrier transport in the THz frequency range 
is dominated by electrons. 
 
1.6 Substrates Lenses: Collimating Lens and Hyper-
Hemispherical Lens  
A refractive index-matched high-resistivity hyper-hemispherical silicon 
lens was positioned on the back of receiver substrate with a thin interceding 
layer of paraffin oil as shown in Figure 1.5 below. The total internal reflection 
in this substrate prevents most of radiations from escaping into free space. This 
is solved by the substrate lens because most radiation can exit close to normal 
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incidence at lens surface. Therefore, a substrate lens, attached to the backside 
of a PC emitter to collimate the THz radiation, is a critical component for an 
efficient THz emitter. The substrate lens is made of high resistivity silicon 
because the refractive index matches well with GaAs substrate materials, the 
linear absorption is very low at the THz frequencies, dispersion over the whole 
THz spectrum is almost negligible and the fabrication of high-quality 
components is reasonably simple [2]. 
 
Figure 1- 5: A hyper-hemispherical lens attached to the receiver 




1.7 Hollow-core fibre coupled Terahertz time-domain 
spectroscopy (THz-TDS)  
A fibre couple THz-TDS system as shown in Figure 1-6 was used to 
study the propagation of THz electromagnetic radiation in microstructured 
capillary waveguides and for measuring and monitoring leaf water content. In 
this system, the laser pulses are delivered to photoconductive devices via 
hollow-air-core photonic crystal fibres (HC-PCF). A mode-locked Ti: Sapphire 
laser was optically pumped by a continuous-wave (cw) argon-ion laser with 
8W average output power. The output power ~ 1W and the wavelength were 
chosen to be 779 nm so that the negative dispersion of the fibre compensates 
the positive dispersion. The laser beam passes through an optical isolator to 
prevent feedback to the laser. Then, the laser beam is divided by a beam splitter 
into two parts of the pump (generation) and probe (detection) and passes 
through a beam expander and ×20 objectives lens in each beam path. Half-
wave plates are used to minimize the effect of the unintentional birefringence 
of the fibre arising from artefacts fabrication the coupling efficiency from the 
free space to the fibre output can reach 60%. 
An optical chopper is used to modulate the pump beam at 2.5 kHz for 
lock-in detection. A real time THz signal is acquired using fast scanning retro-
reflector and displayed on an oscilloscope. The average power used for THz 
generation is 80 mW. The output from the fibre is collimated and then focused 
onto the photoconductive transmitter. The probe laser pulse can be used to gate 
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either a conventional receiver or a near-field probe.  The optical gating powers 
are for the 20 mW for the far field receiver and 8 mW for the near field probe. 
The transmitter is a conventional co-planar waveguide design with 50 µm PC 
gaps and the receiver is a 10µm dipole antenna. Both devices are made using 
LT GaAs as the PC material. 
 
Figure 1- 6: Schematic of fibre-coupled THz-TDS setup. 
 
1.8 Near-field probe 
Near field probe as shown in Figure 1-7 is used in order to improve the 
image resolution by letting the THz beam passing through an aperture with a 
size similar to the incident wavelength. The aperture was made from a 50 μm 
thick brass sheet and placed ~2 cm in front of conventional receiver’s silicon 
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lens. A high resistivity silicon wafer with 600 μm thickness was inserted 
between the Si lens and the receiver to improve the beam collection efficiency. 
Nevertheless, the disadvantage is the limitations of the propagating of the pulse 
through the small aperture and the strong attenuation with amplitude   d3 and 
for the sub wavelength aperture, the high cut off frequency is υc   d
-1
. This 
limitation can be overcome by measuring the electric fields just behind the 
aperture in the very near-field region less than d away from the aperture. 
 
Figure 1- 7: (a) Three-dimensional view of the near field probe 
structure used in this experiment. (b) Schematic diagram of a top view 
of the terahertz near field probe. Blue areas indicate the metal and grey 
shows polished  facets  of sapphire (c) Picture of near field probe 




1.9 Imaging with THz pulses 
Pulsed THz imaging is accomplished by raster-scanning of a target at 
the focal plane of a THz-TDS system as shown in Figure 1-8. Changes in the 
amplitude  (   ) and the phase  (   )of the THz pulses map out the spatial 
inhomogeneity of the target, characterized by material properties such as 
refractive index  (   ), absorption coefficient  (   ) and thickness   (   ). 
Figure 1-9 shows, each pixel of a THz-TDS image contains a whole waveform 
in the time domain. In the time domain, the maximum amplitude   (   ) or 
the arrival time   (   )of the waveform is typically used to form a 2D image. 
If the target material has a complicated dispersion relation, a wavelet analysis 
can reveal important properties of the sample. Frequency domain imaging is 
also possible with the spectrum of the waveform obtained by the Fourier 
transform [2]. 
 





Figure 1- 9: Display options for THz-TDS imaging: maximum 
amplitude Aa (x, y) and arrival time ta (x, y) in the time domain, 
maximum amplitude F0 (x, y) and amplitude at resonance F1 (x, y) in 
the frequency domain, and total energy  (   )  ∫   (     )     [2]. 
1.10 Application of THz and Terahertz Time Domain 
Spectroscopy (THz-TDS) 
THz-TDS system is a spectroscopic system for characterisation of 
materials such as semiconductor, superconductor and dielectrics. A recent 
promising application  is in food sciences field where is the detection of protein 
content is reviewed for application in food safety, medicine and health [16]. In 
quality control, for non-contact and non-destructive inspections, near field 
imaging and THz microscopy offer a better spatial resolution determined by 
the aperture size and does not suffer from a waveguide cut-off [17] for example 
THz non-destructive evaluation (THz-NDE)[18], homeland security[18], 
quality control of food and agricultural product[18], global environmental 
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CHAPTER 2 
2.1 Introduction to use of Terahertz radiation in water 
detection. 
One special characteristic of  the terahertz (THz) frequency range (300 GHz to 
3 THz; 100 μm to 1 mm) (i.e., picosecond timescale), is the strong attenuation 
of terahertz (THz) radiation by water which  makes it very sensitive to 
hydration and to the state of tissue  that exhibiting an absorption peaks [1]. 
Recently research revealed that the Terahertz  technology can  provide  a new 
alternative form of non-invasive tool or an excellent non-contact probe for 
measuring and monitoring the water content of leaves and plants [2] because of 
water is strongly absorbed in the terahertz band while the dehydrated biological 
tissue is partially transparent. Linear transform [3] and effective medium  
theory [4] may be used for measuring three different categories either wet, dry 
or very dry for a leaf.  Although useful and informative, most of the methods 
normally used to measure water content in plant tissues imply damage or 
separation of the organs of interest from the plant and resulting unachievable 
real-time changes of water content measurement. In THz region, the strong 
attenuation by the water of the samples makes these samples completely 
opaque and its turns out to be very convenient method to measure the water 
content of a thin sample such as a plant leaf. The transmission signal from a 
dry leaf has an influence so the attenuation of the signal so can be used directly 
for a qualitative observation of the leaf’s water content. Water is highly 
absorptive in the THz range, while most materials which absorb moisture are 
either very transparent or reasonably transparent to THz. Consequently the 
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high contrast between dry biomass and liquid water resulting a high absorption 
coefficient in the THz frequency range [2].  
The number of NIR or MIR applications is continuously increasing especially 
to predict qualitative and quantitative of agricultural product as substitute of 
conventional destructive method. The NIR spectra quality is impacted by 
various factors such as physical state of the sample. In a previous study, the 
detection of plant water stress using near infra-red (NIR, 0.7 – 1.3 µm) and 
middle infra-red (MIR, 1.3-2.5µm) by remote sensing has been proposed to test 
the ability of the leaf water content to determine leaf relative water content 
(RWC) of different species  with natural variation in RWC from water stress is 
only about 20% [5].  Kristen-Vizi et al. showed a good correlation was found 
in between red reflectance and leaf water potential as well as green reflectance 
and leaf water potential  but this methodology is suitable for estimating 
coarsely in a large area and expensive for daily usage [6]. Gillon et al., works 
on the relationship between the water content of leaves and their spectral 
properties using NIR (400- 2500 nm) [7].  
 
2.2 Why monitoring drought stress 
Water stress has major implications for global supply chains, especially within 
the major growth economies. This damage causes losses in the agricultural 
production. The purpose of measuring of leaf water content is very significance 
for all aspect of plant science as well as research in plant biology. Specific tool 
for non-invasive measuring and monitoring of drought stress resistant plant is 
available as a commercial product. Technically, to monitor drought stress, it 
can be categorized as either destructive or non-destructive method. Based on 
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absorption and reflection of electromagnetic radiation but there has a 
significant drawback for example, in the microwave range, the result is 
strongly influenced by the inorganic salt content in the leaves, and the 
resolution of the image is limited due to large wavelength.  The most reliable 
methods used for non-destructive quantification of the leaf water content are 
based on spectroscopy between 0.75 µm and 100µm corresponding to 
frequencies between 400 THz and 3THz and infrared spectroscopy of between 
1- 2 µm  [8].  
Leaf discoloration shows nutrient deficiencies, for example over fertilization, 
lack of water and disease. If the plants don’t get enough with ample water, they 
will have a sign of drought stress like brown and shrivelled leaves. For 
example, a raspberry plant need one to two inches of water per week during 
season and 4 inches during the harvest period and quantifying drought stress 
normally means low 20 % water reduction from turgid state [9]. 
 
2.3 Measuring THz transmission 
In this study, the setup measurement was discussed in chapter 1. Briefly, the 
electromagnetic radiation was emitted from a small gap in a transmitter 
antenna. By using the lenses, the diverging radiation was bundled into a beam 
and focused on a small spot. The rays emanate from the sample received by a 
receiver of the same type. The resulting THz radiation generates an electric 
current that depends on both amplitude and the phase of the incident THz 
waves. The current detected at the receiver antenna was in the range of 
nanoAmpere (nA). The low power of THz ensures that the leaves could be 
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measured over a long time period without getting any damages such as 
burning. 
 
2.4 Material and methods 
2.4.1 Thermogravimetric measurement 
Thermogravimetric method is a very useful and important method which 
provides information about physical and chemical phenomena of an organic 
sample by measure changes in the weight loss (mass) of sample. Analysis of  
the thermal activity which causes changes in physical and chemical properties 
of a material are  measured as a function of time to be used to characterize the 
sample [10].  
2.4.2 Plant material  
There are three types of leaves were used in this experiment which are 
raspberry, tomato, and beech. The leaf sample was a straight cutting from the 
plant and promptly wrapped in moist paper to avoid stress. The sample was 
conserved in the cool box and then, weighed immediately to get the fresh 
saturated leaf weight where the sample is at full hydration level. For the actual 
dry weight of the sample, after detaching, the sample was weighted using a 
balance. After the experiment was done, the sample was put in the lab oven for 
36 hours at 110 ºC and was weighed again for the determination of the dry 
weight and the water content was calculated. The sample weight was measured 
via thermogravimetric measurement and in the experiment, the leaf mass was 
continuously monitored using a load cell. 
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Leaf thickness plays an important role in leaf or plant. These characteristics 
determine the amount of light absorbed by a leaf and the diffusion pathway of 
CO2 through its tissue.  On the other hand, it also can be used as a tool to 
screen species cultivars for productivity. Techniques of leaf thickness 
estimation are used because of the difficulty to measure it accurately and the 
time consuming. The variation of leaf thickness between leaves or plant is one 
of factors affecting the ability to obtain percentage of water spectroscopically.  
In near-IR spectroscopy, we try to overcome the problem of variation in 
thickness by rationing different wavelength of NIR source. Thickness and 
errors can be minimized by averaging a number of readings of the leaf exposed 
by the beam and by calibrating the THz transmission to water content.  
RWC in leaf tissue is commonly used to assess the water status of plants. RWC 
estimates in leaves from full rehydrated were slightly below 100%, measuring 
the water content based on fresh and dry mass. The measurement are referred 
to [11]; 
    ( )   (
                     
         ⁄ )      
 
 Leaf area is one of the important variables for most ecophysiological studied 
concerning light interception, evapotranspiration, and irrigation response. In 
order to get an estimation of leaf area a nondestructive method using a graph 
paper was introduce by using an equation [12]; 
          (   )
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In this experiment, the average weight of fresh raspberry leaf used in this 
experiment is 0.200 ± 0.001 g and average dry leaf weight is 0.040 ± 0.001 g, 
for tomato leaf and beech leaf is 0.550 ± 0.001 g and 0.350 ± 0.001g for fresh 
leaf and 0.070 ± 0.001 g and 0.090 ± 0.001 g for dry leaf correspondingly. The 
average of the leaf area used in this experiment is 790 mm
2
 with 80% of 
relative water content. 
 
2.5 Measuring relative leaf water content with   Terahertz  
Plants which are not saturated with enough with water and lead to water stress 
condition. The investigation of water status for different leaves is so beneficial 
for the irrigation and the distribution of water in plant leaves. Normally the 
method for determining the leaf water content can be dividing into two types; a 
destructive and non-destructive. The thermogravimetric is a destructive 
method. The measurement is done by evaluated the weight differences of the 
fresh and fully dried weight. 
 Others method that have been applied  for the measurement of leaf water 
content in the lab, for example Nuclear Magnetic Resonance (NMR) have the 
disadvantage that  electromagnetics and high currents are need to be used and it 
is far away impossible to design and develop the portable measuring system 
which can be used on field. Others option left are microwave and infrared 
spectroscopy. The disadvantage of using the microwave spectroscopy is 
because of the permittivity value is so depends on of the salinity of the water in 
the leaf. Infrared spectroscopy gives a promising method for measuring water 
content in a leaf. The THz frequency region which is 0.1-10 THz has giving an 
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interesting result of research activity in the field of physics, chemistry, and 
biomolecules. It is between the mm waves for infrared bands. 
The special characteristics of this region can be used to identify an unknown 
biological and chemical substances and it is a non-contact probe which is a 
non-destructive technique approach. Because THz radiation is sensitive to 
water, where the electromagnetic radiation is strongly absorbed by water 
molecules. The transmission of THz through the leaves depends on total 
absorption which is depends on optical path length of water. So, as the leaf is 
stress, the amount of water in a leaf is reduced so do the optical length of 
water.  
 
Figure 2- 1: Experiment set up of measuring raspberry leaf water content with 
THz radiation. A laser emits short pulses of light, which are used for 
generation and detection of THz. 
Figure 2-1 above shows a general scheme of an experiment set up of 
electromagnetic THz radiation of transmitter and varies of electric current 
based on the intensity of the THz radiation measured by the receiver. From this 
data, the THz transmission of raspberry leaf sample is calculated and any phase 
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shifting of the THz transmission can be determined. Water is strongly absorbed 
terahertz radiation, while non-polar organic material does not. Therefore a 
transmission measurement is a very effective way for the quantification of the 
water present in leaves. The samples were placed in a dry air experiment (< 5% 
of relative humidity). 
In this experiment, the leaf was put on the flat surface in a special holder so the 
measurement is contact-free which helps to keep a leaf in defined position and 
to keep the mechanical stress on the sample at a minimum. For each 
measurement with a sample, a reference measurement is performed without a 
sample to record the characteristic of measurement set up as shown in figure 2-
2 (a). The properties of the sample can be calculated by comparing the result of 
the sample measurement to a reference measurement. The result in the figure 
shows that the THz pulse is attenuated and retarded by the sample. Frequency 
dependent data evaluation is performing in figure 2-2 (b) by applying a Fourier 
Transform to the time domain data. 
 
 























































































Figure 2- 2:(a) THz time-domain of THz transmission comparison through 
raspberry sample for 5 hours between reference and sample measurement 
shows that the signal is attenuated and delayed by the sample and (b) 
Corresponding of transmission as function of frequency and (c)Terahertz 
transmission through leaf sample which is sandwiched between 50mm HDPE 
for 35 hours.  
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THz transmission data set was taken over a five hour period from the leaf 
sample of raspberry as shown in figure 2-2 (a) and the transmission delayed as 
the leaf was getting dryer. Each line represented the measurement of THz 
transmission of each hour. It means that the signal is less attenuated and 
delayed by the leaf sample as the leaf getting dries. After five hours without 
watering the signal attenuated by the sample is increasing as showed in the 
graph and its means the water content leaf in that sample is decreasing. 
Calculated transmission as a function of a frequency determined by the 
reference pulse the pulses measured every each hour showing that 
transmittance was low at the earlier time and increased over the time as showed 
in Figure 2-2 (c). 
A single transmission of terahertz radiation through a detached leaf sample 
where is placed in between 50 mm HDPE was observed for 35 hours in a dry 
air environment. The result in figure 2-2 (c) showed the THz transmission is 
increased as much as 33 % of the signal for every 5 hours without watering. 
There is no more change in transmission after 30 hours without watering, 
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2.6 Measuring changes in leaf water content by transmission 
FTIR spectroscopy. 
For the fresh leaf condition, strong absorption of light is dominated by 
photosynthetic pigments at visible spectrum 400 nm to 700 nm.  At 700 nm – 
1100 nm, strong absorption of biochemical typically found in dry leaves for 
example, cellulose, lignin and carbohydrate. At this range, the absorption is 
also influenced by the multiple scattering, internal structures and air-water 
interfaces. Middle infrared range or short infrared range, 1100 nm-2500 nm, 
strong absorption is dominant by water in green leaves, which the primary and 
secondary absorption peak of water at 1450 nm, 1940 nm, 2500 nm, 980 nm 
and 1240 nm. These optical properties may be used to measure the freshness of 
some vegetables. The preliminary results of the study showed that the freshness 
and dry state of the sample using 1450 nm light sources giving a significant 
result.  
The FTIR machine was set up to cover  the range of 1200 nm to 2500 nm with 
a scan speed of 0.5 cm/s to measure the transmission of three different leaves 
which is raspberry, tomato, and beech. The purpose of this experiment is to 
identify the absorption peak of water in different leaf sample at the fresh and 
dry conditions. From the figure 2-3 above, it shows the absorption peak for 
fresh and dry state condition was at 1450 nm and 1900 nm. A few of 
wavelength was chosen for a single measurement which is 875 nm, 1050 nm, 
1200 nm, 1450nm, and 1550 nm to measure a water loss in the leaf  sample  at 
individual wavelength for almost 24 hours from fresh stage to dry stage of the 
leaf sample. 
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Figure 2- 3: FTIR   transmission of different wavelength to different type of 
leaf (a) Carolina poplar, (b) Raspberry, (c) Tomato, and (d) Beech for a fresh 
and dry condition. 
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The relative water content (RWC) was obtained from measuring the dry and 
fresh weight of the leaf which is for raspberry is 79.30%, 82.03 % for tomato, 
and 63.02% for beech. The entire graph showed a very clear change of shape 
between a fresh and a dry state of leaf both at 1450 nm and 1950 nm 
wavelength, especially for tomato leaf sample. The transmission from a fresh 
leaf can be differentiated very well regarding the species but for dry leaf, the 
transmission for the leaf sample is almost the same. A value of relative water 
content (RWC) of tomato, 82.03% is higher comparing with other samples. It’s 
agreed as shown in figure 2-3 (c) above, the tomato leaf has a very low 
transmission at 1450 nm which is determined the water absorption peak. A 
beech leaf sample has the lowest value of RWC, 63.02% and highest 
transmission percentage 65 % for a fresh condition at the same wavelength. In 
this experiment, from the figure, the higher value of RWC in the sample, 
resulting low transmission at 1450 nm water peak absorption and vice versa. 
The 1450 nm was chosen as a region of interest for water peak absorption 
based on the water peak absorption result from FTIR. 
The thickness of the sample is very crucial because in this experiment tomato 
leaf has a thicker leaf following by the raspberry and beech. The higher the 
value of RWC, we can consider the leaf sample is thicker considering the size 
of the leaf area is almost the same. 
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2.7 Single Measurement of Leaf Sample  
 
Figure 2- 4: Experimental set up for measuring raspberry leaf water content 
with LED source with FTIR correspondingly. 
Figure 2-4 above shows a general scheme of an experiment set up with a 
selected LED source with a few of different type of wavelength. The LEDs 
were modulated at different frequencies and the two lock-in amplifiers were 
used to detect two different signals. The LED sources used in this experiment 
are 1450 nm, 1200 nm, 875 nm, and 1050 nm. The source as a transmitter is 
measured by the detector. From this result, the transmission of a raspberry leaf 
sample is obtained. Water strongly absorbed at 1450 nm and the other source is 
more sensitive to another factor like discoloration of the leaf sample as the leaf 
dehydrated and changed colour. Therefore a transmission of 1450 nm LED 
source can be used to measure the relative water content but not the absolute 
value of the water present in leaves. 
The raspberry leaf had been subjected to drought stress were monitored 
periodically as shown in  figure 2-5  below  determining measuring of 
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transmission of a few different source type which  is THz ~ figure 2-5 (b),1450 
nm ~ figure 2-5 (c), 1200 nm ~  figure 2-5 (d), 875 nm ~  figure 2-5 (e), and 
1050 nm~  figure 2-5 (f),  . The weight of the leaf measured periodically via 
time is showed in figure 2-5 (a). From the graph, it shown that drought stress 
related changes in the water content were induced by suspending the watering. 
The same leaf sample was measured for every hour by analysing the 
transmission result of the intercalary (middle) leaf area. As expected, the water 
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Figure 2- 5: For this experiment, three leaves were used for each 
measurement. Leaves were detached from a raspberry plant and their water 
content was measured repeatedly. Detaching the leaves was necessary for the 
gravimetric measurements, which were performed for comparison as shows in 
(a). (b) The gravimetric measurement gives an average value of weight for the 
whole leaf and other wavelength measurements (c) 1450 nm, (d) 1200 nm, (e) 
875 nm and (f) 1050 nm are performed on a small spot at the middle area of 
the leave. (g) A leaf sample being measured in 3 different conditions which are 
a fresh state (0 hours), after 10 hours and after 24hours without watering 
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The average relative water content for the raspberry sample is around 79.00 % 
and terahertz transmission frequency range between 0.1 - 3.0 THz with a peak 
at 0.96 THz. From the result it shows that THz is sensitive in measuring water 
content in leaf compared to another wavelength. FTIR spectrums showed the 
water peak absorption at 1450 nm and agreed with the experimental result of 
raspberry leaf transmission using a 1450 nm LED as shown in Figure 2-8 (c), 
(g) whereas the transmission signal is good and increase significantly within 20 
hours’ time observation but then it’s losing a weight through time regarding to 




















Figure 2- 6: A relation of water mass in gram with total mass in gram for a 
leaf sample area 875 mm
2
 with average dry mass 0.075±0.001 g for four 
different leaves at varying age. 
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In this experiment, a raspberry leaf sample was used to study a relation of a 
total water mass with total mass of the leaf sample. From the graph 2.6 above, 
it showed that water mass in leaf sample with leaf area size of 875 mm
2 
is 



















Figure 2- 7: Single measurements near infra-red of different leaf with varying 
age. 
Figure 2-7 shows a single measurement of 1450 nm infrared to a different leaf 
with relative of water content of 4%   at different age. The signal transmission 
was ratio with 1050 nm infrared to correct a change in leaf thickness and 
transmission with time/sample. As the signal decreased, the mass water 
increased, it means that the leaf sample become thinner because of water loss 
and more signal was transmit through the sample as the sample matured. 1450 
near infra- red source is a one of the wavelength which give a significant 
characteristic of water absorption in a sample. 
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Figure 2- 8: Transmission of THz, 1450 nm, and 1050 nm LED source through 
n number of leaves stacking together by  being pressed  between glass (for 
infrared) or polyethylene discs (for THz).  (b) Correlation of mass water 
content of time for three different leaf samples in 30 hours of observation 
without watering. 
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Near infra-red transmission showed photon diffusion is very important in order 
to determine water content in leaf sample because at this range of wavelengths 
light has its maximum depth penetration in tissue. Within this range, photon 
scattering is dominant in light tissue interaction leads; the propagating light 
becomes diffused rapidly. From figure 2-8 (a) above, it showed strong photon 
scattering of 1050 nm transmission and photon scattering plus absorption for 
1450 nm LED.  The transmission varies with a number of leaves in a stack and 
varies more slowly in the infrared with thickness than at THz. In THz 
transmission, the scattering is negligible and the transmission is determined by 
absorption. The ratio of 1450 nm over 1050 nm near infrared gives reasonable 
correlation with water mass per unit area when many different leaves with 
varying water content as showed in figure 2-8 (a). A single frequency for small 
band of frequencies does not allow for corrections of affect such as variation in 
leaf thickness from leaf to leaf and from a plant to plant. 
 
2.8 Conclusion 
The strong attenuation of terahertz radiation by water makes radiation in this 
spectral band a highly sensitive non-contact probe of hydration in plants as 
well as other materials and dielectric materials as a dehydrated biological tissue 
is mostly transparent in this spectral region allowing measurements of water 
content of leaves from THz and LED transmission. THz spectroscopy is non-
destructive, does not require contact with the sample allows continuous 
monitoring of leaf water content that could be affected by in vivo water uptake 
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per water loss processes, therefore giving the unprecedented capability to 
follow the plant water dynamics same with infra-red transmission. 
From the result, it’s clearly shown that THz and near infra-red gave a good 
varies thickness transmission from the single measurement leaf sample in water 
absorption. The measurement of THz has advantage only if a way of correcting 
for variation in thickness between leaves can be found that one of the objective 
of simultaneously measuring THz and IR transmission. Its possibly with a 
reference of IR wavelength can be found that allows correction. Near infra-red 
source especially with 1450 nm wavelength as mentioned in previous research 
is widely used in measuring the water content because of the sensitivity to  
water content change in a sample but in single leaf measurement, the scattering 
is weak compares to photon absorption. However, near infra-red with 1450 nm 
gives an advantage in a correlation of transmission with water content compare 
to THz transmission. Near infra-red with 875 nm more likely used to measure 
the pigment and discoloration of the sample and any other biochemical 
compounds in the leaf sample to measure the deficiencies of the nutrient as the 
leaf get dries.  
Currently, THz-TDS is still a relatively expensive technology but in future, this 
method can be developed in compact scale, mobile and more cost-effective 
experimental setups will enable them to be used in a search for selection 
markers in crop drought improvement programs. 
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Chemical and biochemical sensing are one of the interesting and promising 
applications of THz spectroscopy. The interaction between samples and THz 
radiation may increase using waveguides if the material used is limited. 
Chemists  may use  the strong line absorption signatures to differentiate and 
recognize the sample [1]. The concept of a waveguide is to deliver 
electromagnetic energy over a long distance taking into account the 
transmission loss and low dispersion in time-domain measurements. The 
material absorption of the hollow core guides is low because the power is 
concentrated in the air core which is transparent to terahertz radiation. 
Dielectric tube guides are fundamentally multimode and leakage loss increases 
strongly with mode order. The modes in dielectric hollow core waveguides are 
described as TE, TM or hybrid. 
 High index dielectric structures have been demonstrated in plastic ribbon [2]  
showing that total internal reflection in a dielectric provides another route to 
guiding THz radiation. However, almost all dielectric material exhibit high 
material absorption (> 10 dB/m) except for high resistivity single crystal 
silicon. Hollow core waveguide have been demonstrated with plastic photonic 
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crystal fibre [3] and capillary [4] with of losses tens  dB/m showing that  to 
reduce material absorption, THz waves can be guided in air. The dielectric 
material should be a low loss material and the thickness has to be accurately 
designed for optimal transmission at desired frequencies to increase the 
dispersion of the propagating field.    
In this chapter, the study is focused on a dielectric material, microstructured 
cylindrical silica capillaries with subwavelength thick walls, characterized by 
waveguide transmission and loss. The microstructuring using stack and draw 
can easily achieve very thin guide walls. Using the antiresonant optical 
reflection waveguide (ARROW) principle, hollow core microstructured 
capillary waveguide structures can be used as guidance for THz radiation with 
low loss and broadband transmission.  The efficiency of waveguides is 
determined more by the geometry than the material although the material 
choice does affect the loss and dispersion, as the overlap of  the propagating 
core mode with the guide material is small [4]. This study is more focused on 
the variable diameter of core dimension in the cylindrically symmetric case. 
However, the diameter and wall thickness are not easily varied independently 
for systematic studies. The core-mode and cladding mode are studied in time 
and frequency domain. The application of waveguides is to transport 
electromagnetic waves from one point to another [5].  
The microstructured waveguides consist of a thick silica capillary outer jacket 
providing strength of the waveguide for protection from normal handling 
damage, containing smaller capillaries surrounded the core within an outer 
jacket known as cladding without a central supporting capillary. This 
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mechanism only supports leaky modes which is the energy losing gradually to 
the surrounding cladding and referred as ARROW. This waveguides is useful 
because it have a low attenuation when the core diameter is larger compared 
with the wavelength and the wall thickness is small. Another important 
characteristic of ARROW waveguides is that it is possible to engineer very low 
field overlap with the dielectric. In this study, silica waveguides allows the 
transport of high power radiation and guiding at wavelengths where dielectric 
absorption is significant [6] . 
 Factors which need to be taken  into consideration when choosing the design 
of THz waveguides are the operating frequency band, the transmission loss, 
dispersion, physical size flexibility and power handling. In any waveguide 
design, there is a trade-off between spatial confinement, bandwidth, and  
attenuation  and group velocity dispersion [7] . Waveguides are dispersive due 
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where,    is the vacuum wavelength and    
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(3.6) 
At microwave frequencies, metal waveguide exhibits low loss because metals 
approximate perfect conductors whilst at optical frequencies metals are very 
lossy but there are many low loss dielectrics materials. At terahertz 
frequencies, both metals and dielectrics exhibit  significant loss in general so 
that using waveguide concepts in the microwave or optical bands at terahertz 
frequencies requires careful, application specific design [8].  
3.2 Anti-Resonant Reflection Optical Waveguide (ARROW)  
Like a Fabry-Perot resonator, which is a pair of partially reflective parallel 
plates with the reflective surfaces facing each other, the reflected beams from 
the front and back air-dielectric interfaces interfere. The phase difference 
between the two beam is given by [9]; 
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(3.7) 
 
where    is the refractive index of the dielectric and    is the refractive index 
of the surrounding medium,   is the incident angle relative to the film surface. 
For a small angle   < 30o, there is a   phase shift arising from reflections for 
both TM and TE waves. For destructive interference such as low transmission 
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 ⁄ , where, m = 1, 2, 3, 
(3.8) 
The frequency resonance of the high loss band can be described as,with t is the 
thickness of the silica cladding wall; 
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(3.9) 
where, m = 1,2,3,…, , nf  is the refractive index of silica, and n0 is the refractive 
index of the air [10]. The bandwidth of the transmission windows is given by, 
            
 





Figure 3- 1: (a) Transverse cross section of a capillary tube waveguide where n1 is air 
and n2 is a silica. (b) The cladding can be viewed as a Fabry-Perot etalon [10]. 




3.3 Microstructured capillary tube waveguide 
In this study, hollow core microstructured filters are explored for THz 
wave guiding. These offer  flexible control over the guided mode 
characteristics of loss and dispersion [11].  
Silica (SiO2) is a poor material at terahertz frequencies but the loss in 
guided wave hollow core fibres is dominated by leakage rather than 
material absorption. The well-established fabrication techniques for fused 
silica enable the production of a variety of thin-walled microstructured 
fibres with engineered properties  using the stack and draw techniques [12]. 
Thin walls are easily obtained, thus shifting resonant to higher frequency 
whilst easy handling is achieved by suspending the thin walled guiding 
structure in a thick cladding jacket.  At terahertz frequencies, where most 
dielectric are lossy, hollow cores are preferred because of a large fraction 
of the power can be confined in the core.  
In order to achieve a large bandwidth, high index thin walls are preferable. 
In this study, THz wave guiding in  hollow-core silica microstructured 
fiber of the type known as antiresonant reflection fibre (ARF) over a 
frequency range of ~ 1.5 THz. Guidance is achieved by destructive 
interference of waves reflected from the concentric interfaces surrounding 
the core. The radiation in the core is inhibited from coupling to the 
cladding because of a low density of photonic states in the cladding and 
mismatch of the spatial frequency [11].  
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Propagation in microstructured capillary tube in which the core is 
surrounded by one or more concentric rings of tubes within an outer jacket 
only supports leaky modes which gradually lose energy to the surrounding 
cladding and radiation and is commonly referred to as anti-resonant 
reflecting optical wave guiding (ARROW). Although leaky and 
particularly susceptible to bending loss, hollow core ARROW guides are 
useful because they can have moderately low attenuation when the core 
diameter is large compared with the wavelength and the wall thickness is 
small. 
In this work, three samples (A, B, C) of a microstructured capillary 
waveguide with sub wavelength thick walls were used to study 
characterization of terahertz propagation. The sample parameter shown in 
Table 3.1.  







































Figure 3- 2: Schematic of the experimental geometry. A 500 µm size circular aperture and 
iris are attached to the front and the back of the capillary to remove the unguided 
radiation. 
 
The waveguide characterisation geometry is shown in figure 3-2. The 
waveguides ends were polished flat and studied using time domain (TD) 
imaging using positionable fibre-coupled 10 µm-dipole receiver. A plane wave 
with electric field along the x-axis (Ex) and a large input diameter of ~6mm 
was launched to excite the fundamental mode. Iris was fixed to the front and 
the back of capillary to remove unguided radiation. Using a motorized 
translation stage, the receiver assembly may scan across of the output end of 
the capillary waveguides to the map transmitted field.  
The hollow core microstructured waveguides were fabricated in three different 
designs as shown in figure 3-3 to compare the bandwidth, dispersion and 
spatial confinement. All consisted of a thick silica capillary jacket containing 
smaller capillaries arranged around a core without a central supporting 
capillary. The structured was drawn down from a preform by stacked tubes to 
the aid of a controlled pressure of nitrogen in the central core to prevent the 









Figure 3- 3: Photograph of transverse cross-section of the capillary with inner diameter 
D, and a thin ring cladding with wall thickness t. The length of a sample (a) is 20.7 cm as 
a sample A (b) 14.9 cm as a sample B and sample (c) is 13.6 cm as a sample. 
Figure 3-4  (a) and (b) show  the  time domain signals of the three waveguides 
A, B and C. The signal was obtained in the setup shown in Figure 3-2 . The 
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time domain signal exhibit initial fast oscillation  which indicate that the 
guided under exhibit a negative dispersion (higher frequency components 
comes first). The occurrence of THz signal pulse encounter significant 
reshaping and broadening during the waveguide transmission and transpire 
strongly frequency chirped.  
The corresponding spectra of the time domain traces are plotted in Figures 3-4 
d, e, and f. For sample A, a clear dip of frequency resonant showed at 1.75 THz 
and 2.3 THz, for sample B, the frequency resonant showed at 1.15 THz, 1.25 
THz and 1.7 THz and for the sample C the frequency resonant showed at 1.9 
THz which shows a good agreement with the calculation of Eq 3.8. It is 
noticeable additional loss appears below 0.8 THz  for sample A, below 0.55 
THz for sample B and 0.7 THz for sample C. Below these frequencies the 
guiding  break down because of reduced reflections of the core walls at long 
waveguide which is angle of incidence increase with wavelength. The mode 
could be recognized as the frequency components between the dip frequency 
and the first resonant frequency. This implies that in the low frequency 
components there is no guiding in the wall, light leave the fibre is through the 
outer jacket. The transmission window is widened in the capillary tube with 
larger core diameter. This transmission for both fibers arrive almost at the same 
time as the reference for all frequencies, i.e. there is little group delay in the 
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Figure 3- 4: (a) Time domain traces as a reference without a sample. (b) Corresponding 
 FFT of time domain  traces for reference (c) time domain traces  for microstructured  
capillary waveguide for a different design known as Sample A, Sample B, Sample C.  
(d), (e), and (f) are corresponding FFT of time domain traces for each waveguide sample 
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Figure 3- 5: Panels (a), (b), (c) shows space time field maps with the receiver 
aperture and for waveguide design A, B, C respectively with the increment of 
0.15 mm. Panel (d), (e), (f) show the corresponding peak to peak amplitude at 
8.75 ps. The black dashed lines indicate the position of the inner diameter 




Figured 3-5 shows a measurements of the beam profiles at the output of 
A, B and C. For all the sample, there is no clear spatial interference 
pattern over 15 ps which suggest that the signal contains only the HE11 
mode. Cladding modes is not seen in the measurements.  
3.4 Transmission Loss 
For a hollow cylindrical waveguide surrounded by an infinite dielectric, the 
attenuation constant of the HEnm mode is given by [13]: 
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(3.11) 
where   is the diameter of the core tube waveguide and   √   ⁄  is the 
complex refractive index of the dielectric.     is the m-th root of the 
Bessl function     (   )   . The loss is proportional to  
  
  
 but for 
simple capillaries with finite wall the loss is proportional to 
  
  
 [14] . The 
equation is not exactly applicable to a thin walled cylindrical waveguide 
but approximately indicates the dispersion properties     for the      
mode is very close to    .This is the main reason the dispersion curves 
cannot be extracted from the time-domain measurement. All of the 
samples have a different size of the core diameter, it is impossible to 
compare the properties at a single frequency meaningfully. Instead, the 
measurement is just only upper limit loss.  From this experiment, the upper 
limit loss from the microstructured capillary for sample A is 4.6 dB/m, 
15.4 dB/m for sample B and 13.5 dB/m for sample C. The calculated 
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optimal cladding to core radius ratio (CCDR)  in similar structure is 0.65 
[15]. The cladding needs to have a sufficient thickness in order to 
minimise the attenuation through the evanescent field and to avoid that 
light is reflected at the core or cladding interface penetrates the cladding 
and reaches the outer diameter of the sample. A general rule is to keep the 
cladding diameter greater than 8-10 times the mode field diameter of 
the fundamental mode. The ratio cladding to the core of the 
microstructured capillary waveguides for sample A is 0.61, 0.81 for 
sample B and 1.0 for sample C. The ratio for sample A and B is not too far 
from the optimum.   
The CCDR value depends on the desired wavelength application. Typically 
the cladding thickness is at least ten times the longest wavelength of 
interest.  The main disadvantage of ARROW wave guiding is that loss is an 
order of magnitude greater than that in thin dielectric coated metal tubes. 
However, the losses decrease rapidly with increasing core diameter and are 
not a limiting feature in all applications and the single mode propagation 
and controllable transmission band could be useful in some applications. 
Transmission loss of this type of waveguide is mainly related to light 
leaking from the core when the condition of             is not satisfied. 




3.5 Microstructured Waveguide Imaging using Photoconductive near field 
probe. 
Diffraction limits the spatial resolution for conventional THz spectroscopy 
to a few hundred micrometers. In order to overcome this limitation, two 
techniques that can be used which are electro-optic sampling with a 
focused probe beam and photoconductive detection with an integrated 
aperture. In these examples, the probe beam or aperture size determines the 
ultimate spatial resolutions.  The probe used to study waveguide as 
discussed in chapter 2. It consists of a 10 μm dipole antenna on LT-GaAs 
placed 2 μm behind a 20 μm square Al aperture and mounted on a 
motorized xyz stage. The probe system frequency response is centered at 1 
THz with a 10% amplitude bandwidth of 2.5 THz.  
 
The near-field probe was used to measure the temporal and frequency 
waveform in the plane of the output face of the waveguide shown in figure 
3-6. At the beginning of the biased window, the majority of the power is 
confined in the inner waveguide core. The electric field is non-zero in the 
cladding because of the weak guiding. The minimum of the electric field 
should be just at the inner interface of the wall because of the large core 
diameter which prevents the field from leaking. Figure 3-6 (b), and (c) 
shows the measured modal amplitude distribution for the core mode. The 
lower frequency modes are confined in the core. The cladding mode can be 
seen at a lower frequency in the measurement of spatial frequency mapping 
for sample A as shown in figure 3-6 (b) since the distance between the core 






































































































Figure 3- 6: Image of the spatial time (a) sample a, (c) sample C and frequency field 
mapping (b) sample A and (d) sample C for two different waveguide tube capillary 
waveguide obtained from the near-field probe experiment set up. The dashed line showed 
the position of the inner diameter core and cladding. 
 
 
3.6 Conclusions  
The THz guiding properties of three different design of silica 
microstructured capillary have been studied. The outer jacket should have a 
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reasonable thickness to improve the handling and makes it less fragile. The 
inner diameter of the waveguide need to be large as large as possible for 
guiding even 2 mm core does not allow flexibility. Better guiding can be 
achieved with having a large core diameter and small wall thickness so 
THz guides in silica can be flexible. Suitable polymers need to be chosen 
for flexibility but even there are still because of large dimensions required. 
Hollow core dielectric waveguides with core diameters larger than the 
wavelength do not generally support guiding by total internal reflection and 
there are no true guided modes.  
This microstructured capillary waveguide design shows a different  
propagation transmission and bandwidth by varying the wall thickness. 
These features, together with the relatively high optical damage threshold 
of silica are attractive for prospective applications involving high optical 
and THz peak powers in rigid gas filled waveguides. Thick walled tube 
with wavelength scale core diameter can be used to reducing material 
attenuation and dispersion. The transmission bandwidth can be improved 
by reducing the cladding thickness and increasing the core size of diameter 
of the tube. 
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Planar structured metallic waveguide  
4.1 Surface Plasmon Polaritons (SPPs) 
Metals exhibits high conductivity at THz frequencies and metal 
waveguides can efficiently guide THz radiation and be coupled to using simple 
quasi-optical techniques [2]. As the metallic surface is nearly a perfect reflector 
for THz radiation, a parallel plate structure supports propagating waves with 
low loss and dispersion. Electromagnetic surface waves have also been 
explored as an alternative route to sub wavelength scale THz guiding.  
Recently, research at Terahertz frequencies showed the result of the 
propagating of electromagnetic waves of the interface between metal and 
dielectric giving significant interest surface Plasmon  (SP) are electromagnetic 
waves coupled to the collective oscillation of the surface free charges at the  
interface between conductor and dielectric [3]. Strong localization can create a 
better local field enhancements from the opposite sign permittivity, ε of the 
metals and the surrounding of non-conducting media. The result momentum of 
the SP mode, ħksp  from the interaction between the surface charge density and 
electromagnetic field, being greater than that of a free space of the same 
frequency, ħk0, where the free space wave vector is 
 ݇଴ = ߱⁄ܿ  (4.1) 
So the frequency-dependent SP wave vector݇௦௣, on a flat interface 




݇௦௣ = ݇଴	ඨ ߝௗߝ௠ߝௗ + ߝ௠ (4.2) 
where ߝ௠, is frequency-dependent permittivity of the metal and ߝௗ, is 
dielectric material. This condition may achieved with metal because of the 
permittivity of metal is  both negative and complex [4]. Other result of SP 
activity along the surface is the field perpendicular to the surface decays 
exponentially with distance from the surface which prevents the power from 
propagating away from the surface. 
The propagation of surface plasmon will gradually attenuate because of 
the losses from absorption in the metal which depends on the dielectric 
function of the metal at the oscillation frequency of the surface plasmon. The 
propagation length is;  
 
ߜ௦௣ = 12݇௦௣" = ܿ߱ ቆߝ௠ᇱ + ߝௗߝ௠ᇱ ߝௗ ቇଷଶ (ߝ௠ᇱ )ଶߝ௠ᇱᇱ  (4.3) 
 
where kୱ୮"  is imaginary part of complex surface plasmon wavevector, kୱ୮= kୱ୮, '+ikୱ୮" , ε୫ᇱ and ε୫ᇱᇱ 	are the real and imaginary of the dielectric function which 
ε୫ = ε୫ᇱ + iε୫ᇱᇱ .  Usually, silver (Ag) was used as a metal media because of the 
range of the propagation distance is 10-100 µm [6]. The activity of SP  can be 
categorized as a surface plasmon polaritons (SPPs) which are the propagating 
of surface plasmon supported by planar interfaces  whereas, the dimension of 
particle plasmon  is smaller than the wavelength of the exciting radiation.  The 
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important characteristic  of the SP, is the sensitivity to the frequency index of 
the dielectric media giving an open route of better establishments in sensing 
application [2]. 
 The characteristics of surface plasmon polaritons (SPPs) are determined by the 
complex permittivity of conductors at  Terahertz frequency as described by 
Drude model. The value of permittivity of metals leads to weaker confinement 
compared to semiconductor and reduces the penetration of the electromagnetic 
field into the metal and minimizing its coupling to free charges and ohmic 
losses are reduced. A  major approaches correspond to the Sommerfeld-
Zenneck [7] have been employed at THz frequencies which, the 
electromagnetic waves bonded to metal surfaces are obtained by perforating 
these surfaces with periodic arrays of holes or excited on semiconductor 
surfaces. 
SPPs electromagnetic waves are coupled  to the free charge carriers at the 
interface separating a conductor from a dielectric. This coupling leads to 
longitudinal surface charge density oscillations, polarized along the 
propagation direction of the surface and the amplitude fields decay 





Figure 4- 1:Geometry for surface plasmon polariton propagation at a single 
interface between a metal and a dielectric. The large extent of the field 
penetration into the dielectric and the small penetration into the metal are 
indicated [1]. 
Figure 4-1 above shows the surface plasmon  polariton (SPP) is a 
coupled excitation of an electromagnetic wave and the electron plasma at the 
interface of a metal and dielectric [4]. This basic simple geometry of SPPs is 
single flat interface between a dielectric and metallic as a conducting media 
which can be achieved at frequencies below the bulk plasmon frequency,	߱௣. 
The frequency of the SPPs approaches the characteristic surface 
plasmon frequency as showed in Figure 4-2. The surface charges can generate 
collective oscillation and SPPs can be excited. The dielectric function of a bulk 
metal can be well described by the Drude model; εm has the free electron form  
 
ߝ௠ = 1 − ߱௣ଶ߱ଶ (4.4) 
where, ߱௣ is the frequency of bulk plasma oscillations. The SPP frequency is 




߱௣ଶ = ܰ݁ଶ݉௘ߝ଴ (4.5) 
where ܰ is the free electron density per unit and ݉݁ is the effective electron mas. 
The surface plasmon frequency is 
 ߱௦௣௣ = ߱௣
ඥ1 + ߝௗ  (4.6) 
 
where ߝௗ is a dielectric constant. From the equation 4.1 and 4.2  it can be seen 
that the SPP frequency is lower than the bulk plasma frequency [5]. 
 
At low frequency, the damping term in eq. 4.8 can be neglected and the 
dielectric constant becomes, 
 
ߝ௠ = 1 − ߱௣ଶ߱ଶ (4.7) 
The surface plasmon dispersion is related to the permittivity by [4], 
 






Figure 4- 2:Dispersion curve of a SPP wave on air-copper interface. The black 
dash line is the light line. N is 8.48 x 1028 m-3  [1]. 
 
Figure 4.2 showed an example of the dispersion curve for SPP at an air-
copper interface. The red curve represents the surface plasmon dispersion 
which lies below the light line and bound to the surface and the blue curve is 
leaky and unbound. 
The electromagnetic fields for both dielectric and metal, decay exponentially 
along the x-axis for the bound SPP mode [6]. The decay length ܮ௫ is the 
distance over which the electric field of the SPP is reduced by a factor of  1 ݁ൗ  , 
 





݇௫ = ݅ට݇଴ଶ − ݇௭ଶ (4.10) 
Withߝ௠ ≪ −ߝௗ, the decay lengths can be approximated by  
 





















Where ܫ݉(ߝ௠)~ߪ ߱ߝ଴ൗ  and the skin depth is typically < 100 nm at 1 THz and 
the decay length in metal can also be estimated from the sin depth at low 
frequency, 
 
ߜ௦ = ඨ 2߱ߤߪ (4.12) 
SPP is also known as a Zenneck wave [7] on a flat metal surface and in order 
to further localize the surface mode, the used of dielectric with higher constant 
material like a thin dielectric coated onto the metal surface can be used in order 
to improve the localization of surface mode and to enhance the dispersion and 
material absorption [1]. 
 4.2  Spoof Surface Plasmon Polaritons (SSPPs)  
Spoof plasmon is electromagnetic surface waves with designer dispersion 
mimicking (SPPs). This is because these waves allow for sub-wavelength 
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confinement of the field and allow modifying the systems to miniaturization. 
So in this case, the study of the characteristic propagation of the wave between 
the interfaces is very interesting along with the geometrical structures resulting 
the optimal guiding and localization of THz energy [8]. Any disturbance of a 
flat surface can bind a surface mode as reported by Ulrich [9], THz guiding on 
a planar metallic mesh. 
Earlier work suggested that sub wavelength scale structuring of a metal 
surface can be used to engineered the dispersion of surface waves and periodic 
metallic structures can guide tightly bound THz surface waves which have 
similarities to the much higher frequencies. Although, SPPs  are weakly 
bounded to the metal-dielectric, because of the metal behavior near the  perfect 
electric conductor (PEC), spoof surface plasmon polaritons can be achieved by 
the introduction of one or two dimensional surface configurations or periodic 
textures on metal surfaces and excited on a periodically structured of perfect 
electric conductor (PEC) surface. It's mimicking the activity to imitate the 
electromagnetic of surface plasmon polaritons for example focusing, guiding, 
and localization [10]. 
An effective plasmon frequency is determined by the hole dimension, a, 
which is an infinitely deep square hole of a periodic hole array of metal on flat 
sheet  [11] , rather than metal properties and can be shifted below ωc by filling 
the holes with dielectric. An effective “plasmon” frequency is determined by 
the hole dimension, 
 ߱௣௟ = ߨܿ ܽඥߝ௛ൗ  (4.13) 
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with ߝ௛, is the permittivity of the dielectric material filling the holes and the in 
plane dispersion, where d, is the period is obtained as, 
 
݇௭ଶܿଶ = ߱ଶ + 1߱௣௟ଶ −߱ଶ 64ܽସ߱ସߨସ݀ସ  (4.14) 
Diffraction at the first Brillouin zone boundary give cut off frequency as, 
 ߱௖ = ߨܿ݀  (4.15) 
 
which is lower than the spoof SPPs frequency, ߱௣௟  if  ߝ௛ = ߝ଴ . ߱௣௟  can be 
shifted below ߱௖ by filling the holes with dielectric[12] for example wax was 
used in this study.   ߱௣௟   is determined by the geometry rather than the 
properties of the metal. Therefore, SSPPs pioneered such studies with works on 
square holes arrays  [13] and annular holes [14].     
If the conductor is a perfect material without loss, the spoof plasmon is 
a promising tool for the concentration of THz radiation because of the 
possibility of focusing with the periodically holes array and therefore spoof 
SPPs offer another solution to confining guided modes at surfaces. 
 
4.3  Normal Transmission 
The transmission is strongly attenuated at frequencies below the cut-off 
frequency with domination of  TE11  mode contribution for circular holes. The 
periodic hole arrays acts as a grating to coherently scatter incident radiation 
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into SSPPs. The resonant scattering wave vector for the SSPP mode are given 
by [15], 
 ݇௦௦௣௣ = ݇௭ ± ܩ௜,௝ = ݇଴ sinߠ ± ݅ തܾଵ ± ݅ തܾଶ (4.16) 
  
 
where ݇ݖ = ݇0 ݏ݅݊ ߠ is the in-plane component of the incident wave vector, ߠ is 
the incident angle, i and j are the integers. If the real space primitive vectors 
ഥܽ1 = ௚௫̅ଶ + 	√3݃ݕത/2	and തܽଶ = ݃̅ݔ, the reciprocal lattices are തܾଵ = 4ߨത݇௬ + 	√3݃ 
and തܾଶ = 2ߨ(√3 ത݇௫ − ത݇௬)/√3݃ for the hexagonal hole array of the sample in 
this study, where ݃ is the pitch of the hexagonal hole array. For normal 










Diffraction on periodic arrays also gives rise to spectral minima known as 
Wood or Raleigh anomalies. At normal incidence, the wavelength of  
Wood anomalies is given by [16], 
 
ߣோ = √3݃2݊  (4.18) 
where ݊ = ±1, ±2 … .At Thz frequencies,	ߣܴ	 is almost equal to the SSPP 
wavelength because  ∈݉	≪ −	∈ௗ . 
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4.4 Periodically Perforated Metal Film 
A periodically perforated metal films is be used as a planar spoof 
plasmonic THz wave guiding devices. With THz spoof surface plasmon 
dispersion on periodic meal structures and the guiding mode can be explored 
over a broad spectrum.  
The samples used have the hexagonal lattices with a pitch of g, and 
thickness of, t. Each hole has a diameter of dt, on the top side which tapers to a 
minimum diameter of db, on the bottom side. In this experiment, a periodically 
perforated metal film with hexagonal arrays of sub wavelength size circular 
holes as in figure 4.3  were used to explore a wave guiding on two surfaces. 
The samples were made using electroforming techniques on the nickel sheet 
and sold under the commercial name of Hi Mesh. In a previous study, 
perforated metal screens have been used as a far-infrared band pass filter with a 
transmission peak 0.9 at frequencies 1.8 – 4.2 THz[17] 337 µm 
electromagnetic radiation wavelength has been guided in the form of TM 
surface waves along thin copper sheets perforated in a regular pattern (metal 
mesh) [9]. In this experiment, this sample was used to study the in-plane wave 
guiding properties. All the dimensions are showed in table 4-1.  The bottom 




Figure 4- 3:Microscope image of the upper surface of a metallic mesh with 
pitch g, hole diameters, db and dt [1]. 
 
Table 4- 1:Dimension of HiMesh samples [1]. 
Parameters Dimension (µm) 
Pitch (g) 91±1 
Upper diameter hole, dt, 77±2 
Lower hole diameter, db 55±2 





4.5 In-plane THz wave guiding on a perforated metal film 
The set up shown in the figure 4.3 below was used to study the 
waveguide properties of Hi Mesh 275. The sample was kept flat by stretching it 
over two metal bars by attaching with small magnets and the edge of the mesh. 
Steel razors blades were placed on the both side of the sample surface with a 
gap of ~100 µm to minimize the signal from unguided waves. 
 
 
Figure 4- 4:Schematic of HiMesh experimental set up. 
 
In the experimental setup shown in figure 4.4, a cylindrical silicon lens was 
used to couple in and out of the SSPP mode waveguide. The output silicon lens 
was placed at the end of the waveguide with 100 µm gap between the lens and 
the sample. A pair of Mylar films with a gold coating are placed on the 
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Figure 4- 5: (a) Time-domain traces for HiMesh 275 with and without wax and 
(b) the corresponding spectra of the traces. (c) simulated time-domain traces of 
the HiMesh without wax using CST microwave studio simulator (d) the 
corresponding frequency spectra traces with an increment of 0.05 mm. 
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The collection lens was translated along the x-axis and placed at the 
minimum signal amplitude of the waveguide which is at the edge of the 
waveguide (x=0). Figure 4.5 (a) and 4.5 (c) shows the time domain 
measurements at the x position of 0 (x=0) for the experimental and simulation 
correspondingly. The corresponding spectra in the figure 4.5 (b), (d) exhibit a 
series of sharp dips which moving closer together with increasing of frequency. 
The chirped spectrum arises from interference between two surface modes with 
different nonlinear dispersion because the nonlinear dispersions have a rapid 
change in phase at frequencies close to the cutoff frequency. By depositing a 
thin layer of  wax with the index is 1.3293 within the holes and scraped of the 
surface so it’s filled inside the hole about, its reveal  the dips on the spectra 
become closer together at much lower frequency compare to without a wax as 
shown in figure 4.5 (b)(d). From the simulation of Hi Mesh using a CST 
microwave studio simulator figure 4.5 (c)   ,  the spectrum corresponding of the 
time traces  showing  that  an agreement between the calculation and 
experimental for the Hi Mesh without wax where is the dips become close 
together as the frequency become higher as shown in figure 4.5 (d) . For Hi 
Mesh with a wax, the dips exhibit at much lower frequency with calculation in 
simulation. A time mapping for the Hi Mesh is shown in Figure 4.6 (a), (c), 
and the corresponding frequency mapping is showed in figure 4.6 (b), (d). The 
simulation of time mapping result for HiMesh is shown in Figure 4.7 (a), (c) 
and the result for frequency mapping is shown in Figure 4.7 (c), (d) 
correspondingly. The dips shift in frequency and change amplitude along both 
x and z waves. The strong interference between the SSPPs occurs in the near 
field region(ݖ < ߣ)	. The lower surface has smaller diameter holes which 
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should support a more dispersive mode, so that the dispersion curve bends 
away from the light line faster than the upper surface guiding mode.  
 4.6 Modal interference 
 
Figure 4- 6: Schematic of the SSPP modal interference for upper surface an 
lower surface of HiMesh 275 
The HiMesh 275 sample was simulated using CST Microwave studio 
with nickel material conductivity of 1.44 x 107 S/m and surface impedance 
matching boundary were used. The circular holes were modelled as truncated 
cones with upper diameter of 55 and lower diameter of 80 µm. the thickness of 
the structure is 50 µm with 92 µm pitch size. The structure was modelled as a 
PEC consisting 40 x 20 hole array. The stimulated length was 1cm and probes 
were placed 160 µm away from the waveguide end. A port mode with the 
electric field parallel to the x axis was used to excite modes on the upper and 














































































































Figure 4- 7:(a) Experimental time-domain mapping for HiMesh 275 and (b) the 
corresponding spectra mapping  of the traces (c) Time-domain mapping of the 
HiMesh with deposition of wax (d) the corresponding frequency mapping with 












































































Figure 4- 8:(a) CST simulation of time-domain mapping for HiMesh 275 (b) 
the corresponding spectra of the traces  (c) CST simulation of time mapping of 
the HiMesh with wax deposition (d) the corresponding frequency mapping 



























Because of this sample is asymmetric between the two surfaces, the lower 
surface with smaller diameter holes support more dispersive mode and the 
dispersion curve bend away from the light faster that upper surface mode and 
the dispersion also refractive index can be obtain by using the equation, 
 
݇ = ݇଴ + ∆߮(߱)ܮ  
 
(4.19) 
where ∆φ (ω), is the difference between the phase spectra with and without a 
sample in place, L is the sample length, k is the propagation constant of the 
waveguide, and k0 is the free space wave vector. 
At THz frequencies,  λR is almost equal to the SSPP wavelength because 
∈m≪-∈d. At  θ=0°, the calculated Wood anomaly frequency is 2.9 THz for 
HiMesh 215, which corresponds to the dip at ~3  THz in Figure 2-5. Due to the 
THz system's spectral response, the result has poor accuracy above 2.0 THz. 
By normalizing to a reference value collected using the same configuration, 
factors that affect the signals during the task and the reference are the same. 
The loss of the HiMesh is due to the finite metal conductivity and scattering at 
imperfection. The loss would be expected to be similar in order of magnitude 
to other metamaterials (~ dB/cm). From previous work, Ulrich’s mesh [9] have 
a loss of a 5dB/cm and Williams et al’s dual  band THz coaxial surface 
waveguide [18] was measured a loss of 1.91 dB/cm within a 3 THz. 
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4.7 Magneto-Plasmonic  
Plasmonic and metamaterial structures can be function as electromagnetic 
wave absorbers due to the excitations of plasmonic especially in bio sensing 
applications [1], observed dips in the reflection of metallic absorbers with 
elements of periodicity with specialty designed geometries at optical 
frequencies. Metamaterials  are artificial periodic of structured elements of sub 
wavelength size and smaller than the wavelength of the incident.  
Planar waveguides and photonic crystals are current technologies in 
integrated optics to transport electromagnetic (EM) energy in structures with 
the dimension  smaller than the wavelength of illumination [19]. A recent study 
showed electromagnetic energy can be transport with the optical devices with 
size reduction to below diffraction limit [20].  This energy is guided via an 
array of metal nanoparticles, with function of supporting collective electronic 
excitation, surface plasmon with resonance frequency depending on type and 
size. This metal particles exhibit strong light absorption compare to their 
geometrical sizes and convert the EM energy into oscillatory electron motion 
which is important characteristic for strong coupling into a wave guiding 
structures. 
Previous work of Pendry [21] reported, double split ring resonator 
(DSSR) with nonmagnetic metallic element , with size below diffraction limit, 
exhibits strong magnetic response and behave as effective permeability 
material. At THz frequencies, SP resonances in metal nanoparticles could 
support resonant MP oscillation[22] and may lead the development of 
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metamaterial with negative indexes of refraction with combining electric 
response [23]. 
The plasmonic activity will be excited if the frequency and wave vector 
are matched with the propagating of the plasmon or spoof plasmon polaritons 
or localized surface plasmon polaritons (LSPP). A surface plasmon resonance 
is a surface charge density wave in a metal layer excited by light and 
propagating along the interface between metal-dielectric interfaces. The 
surface plasmon resonance (SPR) characteristic can be used as future 
applications especially in biosensing as a tool for label-free investigation of 
interactions between biomolecules [4]. The variety design of metallic particles 











 4.8 Magnetic plasmon experimental set-up 
In this study, a sub wavelength size metal structure referred as a single 
split ring resonator (SSRR) is used to support propagation of MP Polaritons. 
The application of MP for guiding EM energy has great potential for direct 
application in novel sub diffraction size transmission lines.  
 
Figure 4- 9:A schematic diagram of magneto plasma experimental set up with  
sample thickness of mylar film is 0.036 mm 
 
In this experiment, the experimental set up as figure 4.8 and the samples is  a 
periodic structure on mylar film is with two different sizes of the pattern were 
used to explore the waveguiding transmission. A metallic  material, aluminium 
was used as samples in order to excite plasmons. To be able to look at the 
differences in plasmonic excitation, four different sizes of shape and different 
periodicity were measured. The samples are lithographically patterned on 
mylar film. All samples with size dimension are shown in figure 4.9.  
A design of a SRRR characterized by two metal loops with tails adjacent to 
their ends as shown in Figure 4-9. The different between the samples are the 
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size of the loops with 30µm for large pattern and 15 µm for small pattern. The 
gaps for symmetric pattern are 15 µm in between the loop. Excitation of 
magnetic response in a system of SSRRs on a planar substrate results in 
induction of magnetic dipoles that are perpendicular to the substrate plane. 
Parallel dipoles are characterized with small spatial field overlap and magneto 
inductive interactions between them are expected to be rather weak. Periodic 
structures increase coupling between the dipoles and let the conduction current 
flow from one SSRR to another SSRR to improve the EM energy transport 

















Figure 4- 10:A schematic diagram of structures of the samples on mylar fim as 
a substrates with (a) asymmetry large pattern (b) asymmetry small pattern (c) 



























































































Frequency (THz)  
(c) (d) 
 
Figure 4- 11:(a)  and  (c) A time domain  traces for assymmertical and 
symmertical large and small correpsondingly.  (b) and (d) a FFT trace for 
asymmetrical and symmetrical large pattern of magneton Plasmon sample  and 








































































Frequency (THz)  
(c) 
Figure 4- 12: A CST simulation of spectra of four different pattern of 
magneton plasmon sample known as symmetrical large, assymetrical large, 
symmetrical small and asymmetrical small with a 0.035mm thickness of  mylar  




From figure 4-10, we see that spectra of a large asymmetric and 
symmetrical pattern showed more frequency dips compare to small pattern 
sample. The frequency dips for the asymmetric large pattern are clearly shown 
at 0.56 THz, with another sharp peak at 1.6 THz. For the asymmetric small 
pattern, a clear disappears at 0.3 THz. For this sample, only asymmetrical large 
and asymmetrical small shows a dip features on the spectrum. All of the 
patterns have a low broadband frequency which is 1.0 THz frequency. The 
contribution from symmetrical for both patterns showed more efficient signal 
in transmission compares to the asymmetric pattern. The smaller frequency 
shift could be attributed to the weaker coupling of the sample.  
Figure 4-11 above shown a CST simulation frequency trace of magneto 
plasmon sample. Small pattern design covered broader frequency to 3.0 THz 
compare to large pattern design, 2.0 THz for both asymmetric and symmetrical 
design. The broadband frequency for a small pattern is one time bigger than the 
large pattern. Both large and small asymmetrical pattern show a dip features at 
0.6 THz and 1.1 THz correspondingly. The experiment and theory didn’t meet 
agreement because of poor quality of the sample. A coupling mechanism based 






4.9 Terahertz time-domain spectroscopy to identify 
anomeric configuration in lactose 
Lactose is formed by joining two anomer (which is α-D-anomer and β-
D-anomer which is commonly exist in disaccharide powder and it was 
nondestructively and quantitatively  evaluated in THz-TDS with absorption 
peak at 39.7 cm-1 (1.19 THz) for β-D-lactose and 17.1 cm-1 (0.53 THz) and 
45.6 cm-1 (1.37 THz) for α-D-lactose monohydrate [24].  Previously, the 
anomers was analyzed by thermogravimetric analysis (TGA) and differential 
scanning calorimetric (DSC)[25, 26], Raman spectroscopy[27], X-ray 
diffraction (XRD)[28] and Fourier Transform Infrared Spectroscopy 
(FTIR)[29] and recently, significant characteristic between different types of 
biological material in pulsed THz imaging [30]. Since sugar could become of 
significance to THz biological detection and infrared spectroscopy is generally 
used to detect and analyze sugars, therefore, coupling with vibrations of entire 
molecules are to be predictable at terahertz frequencies[31].  Previous study 
showed an absorption peak of 100% lactose monohydrate powder, with 3 mm 
thick sample at 0.57 THz [32]. 
 
4.10 Preparation of Lactose sample 
The lactose powder use for source material with a formula of  
C12H22O11H2O  to measure the attenuation of surface waves transmission 
through the lactose powder sample, these powder were mixed with a distilled 
water and deposited the solution uniformly on the surface of the HiMesh. The 
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HiMesh weight was measured before and after the deposition with electronic 
weight balance. The sample is left it for 24 hours until dry and is ready to use 
when the weight of the sample is reached 1.4 mg/10 cm2. The schematic setup 
for this experiment is same like Figure 4.3. 
Figure 4.12 above shows the spectra for a HiMesh 275 with and without 
lactose powder deposition as a reference to compare the presence of chemical 
substances on the surface of the HiMesh. The dips exhibit at a lower frequency 








































Frequency (THz)  
                                  (a) (b) 
Figure 4- 13:(a) Comparison of time domain trace and (b) the corresponding 
spectra of  HiMesh 215 with and without lactose powder. The lactose on the 
square sample is 1.4mg/10cm2. (c) FFT spectra peak absorption of lactose 
powder. 
 
The temporal profile of the electric field strength, represented as the induced 
photocurrent in the detector of the electromagnetic wave pulse transmitted 
through the  HiMesh sample with lactose deposition  and the through a HiMesh 
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without lactose. The sample trace is offset vertically 1nA for better visibility of 
the traces as shown in Figure 4-12 (a). The modification of the pulse shape due 
to the presence of an infrared active compound in the HiMesh sample with 
lactose is apparent from the difference in electric field traces. The pulse is 
delayed and attenuated; both are measures of the dispersion and the absorption 
by the sample.  Figure 4-12 (c) showed the transmission spectrum. There is no 
clearly  significant sharp dips showed at 0.57 THz but the spectrum  is shifted 
to the lower frequency with the exhibit  of  the lactose powder as showed in 
Figure 4-12 (b). 
 
4.11 Conclusion 
In summary, we have studied the waveguide properties of freestanding 
nickel sheet perforated with hexagonal arrays of conical holes filled with air, 
wax and lactose. The HiMesh and the magneto plasmon sample may find an 
application in chemical sensing as the interference features are sharp and 
prominent over a broad frequency range. The characteristic of electromagnetic 
field localization and external modulation magnetic field in magneto plasmon 
can be used in the fields of applications of magneto-plasmonic in the domain of 
sensing especially in gas and bio sensing applications. Excitations of MP could 
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